In this work, the vapour-liquid equilibria of binary and multinary systems comprising of perfume raw materials and ionic liquids have been computed using two different models: COSMO-RS, a solvation model, and UNIFAC, a group contribution method. For systems already well known in the literature, a comparison with experimental data was performed, and good agreement was observed with both models. Although UNIFAC was not applicable to nonparameterised ionic liquids, COSMO-RS proved very reliable in predicting the vapour-liquid equilibria (VLE) of solutions of perfume raw materials (PRMs) in new-to-the-world ionic liquids. This opens the door for the prediction and modelling of new formulations for novel consumer products, prior to embarking on detailed experimental investigations.
INTRODUCTION
The majority of consumer goods present in the market are characterised by a specific scent. This is an important aspect in the fragrance marketing and companies are constantly improving their products on this basis. 1 Commercial products, and particularly those for use in home care, are complex mixtures of many different ingredients. When a fragrance is added to a product, it must be compatible with all the other ingredients, and even the physical state in which the perfume raw materials (PRMs) are delivered is a function of the choice of molecules and their quantity. 2 Physicochemical studies of consumer goods is an essential part of the development of new products. In the case of fragrance release, it is important to study the vapour-liquid equilibria (VLE) and liquid-liquid equilibria (LLE) of the volatile materials. 3 In this context, a number of different techniques have been reported for determining the vapour pressure or partial vapour pressure of single or multicomponent systems. [4] [5] A similar approach has been applied for studying LLE, and a wide variety of cases have been studied. [6] [7] As thousands of potential perfume raw materials are known, 8 it is infeasible to study experimentally even a fraction of these in the necessary detail that is required to determine their VLE and LLE properties. In order to garner the necessary information to enable an informed decision to be made for the selection of PRMs for a specific task, it is desirable to develop a computational screening process.
Fragrance formulations have traditionally been based on ethanol as the solvent, but the legal restrictions on volatile organic solvents have prompted the industry to change to other systems. [9] [10] Recently, a new class of perfumes have been reported, 11 based on compositions containing at least one ionic liquid and one perfume raw material. Ionic liquids are involatile solvents 12 as they have no measurable vapour pressure at room temperature, 13 the vapour phase above them is composed only of any solute present in the ionic liquid. In an ideal case, the solute will obey Raoult's law and there would be a linear relationship between the concentration of the solute in the ionic liquid and the vapour pressure which it exerts. We have recently demonstrated that by controlling the interactions between the solute and the ionic liquid, both positive (i.e. repulsive) and negative (i.e. attractive) interactions between the liquid phase species induce positive and negative deviation from Raoult's law. Thus, for example, a solute capable of forming strong hydrogen bonds with the anion of the ionic liquid will exhibit strong negative deviation from Raoult's law. 6, 11 For a given PRM dissolved in an ionic liquid, its vapour-liquid equilibria are a function of at least three general variables: the structure of the cation, the structure of the anion, and the structure of the perfume raw material itself, in addition to the specific variables of temperature, pressure and concentration. It is well established that there are over one million simple ionic liquids accessible, 14 and so, in combination with thousands of PRMs, there are over one milliard (10 9 ) possible simple combinations. As an experimental study is clearly infeasable, a computational approach is essential in order to predict the VLE of any specific ionic liquid-PRM combination.
Two predictive approaches are generally reported for representing the phase equilibria relationships in terms of measurable state variables: (a) methods based on the equations-of-state and (b) the activity coefficient methods. 15 In this work, a computational approach based on the latter method was adopted. The target of this study is to evaluate the benefit of using ionic liquids as solvents in the formulation of consumer goods, as opposed to using a conventional volatile organic solvent. This will be achieved by calculating the strength and nature of the interactions between various functionalised cations and anions and PRM solutions.
The COnductor-like Screening MOdel for Real Solvents (COSMO-RS) [16] [17] [18] was selected, as it had been previously applied to ionic liquid systems with significant success. 19 Here we report the prediction of VLE properties of solutions of PRMs in organic solvents and/or in ionic liquids using COSMO-RS, and compare the predictions with those obtained by using one of the widely used Universal quasichemical Functional group Activity Coefficients (UNIFAC), 20 and with experimental data (where available).
PHASE EQUILIBRIA CALCULATIONS
The computation of the thermodynamic properties of multicomponent systems has been widely studied in the literature using various models. 21 Here, a hierarchical study has been applied starting from binary ethanolic solutions of perfume raw materials, going through multicomponent systems of PRMs, and finally involving new ionic liquid structures. In order to validate the use of the COSMO-RS model in predicting the VLE or LLE of these complex systems, a second independent computational approach was applied, based on the widely used programs, UNIFAC 20 and modUNIFAC (modified UNIFAC); 22 in the latter approach, temperature dependent parameters are introduced. UNIFAC is a group contribution model for the prediction of the activity coefficients of mixture components. It assumes that molecular interactions in a mixture can be described through those of the functional groups of the solutes and the solvent. The activity coefficient is composed of two terms: combinatorial and residual, depending respectively on the functional group area and volume, and the reciprocal interaction parameters between functional groups. The latter are obtained through the fitting of large experimental datasets (e.g. the Dortmund database). [23] [24] The use of both models to predict thermodynamic properties, such as VLE, involved multiple calculation steps. For both approaches, the molecular structures had to be calculated in their equilibrium geometry by energy minimisation, here, using density functional theory (DFT) according to Becke's parameterisation with LYP correlation and a 6-31 ++ G(d) basis set implemented in TurbomoleX. 25 The second step for UNIFAC involved the calculation of the residual term, given by the binary interaction parameters, which is related to the interaction energy of molecular pairs. These parameters must be obtained either through experiment, via data fitting, or by molecular simulation. In this paper, the former strategy is adopted, but this approach (which is semi-empirical) requires a large set of pre-existing experimental data. UNIFAC is poorly parameterised for ions, and so unable to accurately describe non-additive molecular effects in most ionic liquids.
In COSMO-RS, the second step uses a statistical thermodynamics approach based on the results of a quantum chemical dielectric continuum solvation model, COSMO. 26 The link between the microscopic surface interaction energies and the macroscopic thermodynamic properties is provided by statistical thermodynamics. With the COSMOtherm software, here the C30-1401 release with a triple zeta valence polarised basis set, (TZVP) was used, it is possible to predict the activity coefficients of each component in a mixture (including ionic liquids), and process the screening charge density on the surface of molecules. COSMO-RS is a particularly useful model for screening multiple ionic liquids and perfume raw materials, where no experimental data are available. In the open literature, COSMO-RS has been already applied in the study of ∞ (activity coefficient at infinite dilution), gas solubility, LLE and/or VLE of ionic liquid mixtures, and these have been reviewed elsewhere. 27 A recent study on COSMO-RS predictions of ∞ and LLE has been reported by Wlazło et al., 28 who compared predicted and experimental data for twelve ionic liquids and ca. sixty organic solutes. They found good qualitative agreement with experiments, including the effects of temperature. Recently, tetraalkylammonium ionic liquids have been reported as solvents for pharmaceutical applications, 29 and the solvation process was screened using COSMO-RS. [29] [30] Thus, there have been few meaningful attempts to model the gas phase in equilibrium with ionic liquid solutions of organic molecules, and in particular, there are very few reports of computed VLE data. However, it is extremely important to model volatile species released from consumer goods, particularly in light of recent REACH regulation.
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Perfume raw materials in molecular solvents
The simplest perfume raw material systems which have extant experimental data are composed of multinary mixtures of PRMs, both neat, and in ethanolic solution. These have been used as a reference within this study, as they represent widely used formulations in fine fragrance products, 32 and have already been computationally parameterised. 33 The VLE data for these systems were computed by Texeira et al. 33 using UNIFAC, and here we will compare (vide infra) with results obtained using COSMOtherm.
In addition, PRMs in a non-polar solvent (decane) were examined, as experimental data and UNIFAC predictions were also available in the literature. 34 These data sets were chosen to underline the consistency of the COSMO-RS predictions for solvents with different polarities.
Hydrogen bonding in ionic liquids
As discussed in the introduction, ionic liquids have been introduced for application in consumer goods. 6 To cope with the milliard of potential novel systems, a strategy has been developed to investigate as many formulations as possible, depending on the structure of the ionic liquid and on the components involved. Hydrogen bonds play an important rôle in modifying the VLE of the system. Depending on the number and nature of the hydrogen bond donor or acceptor groups present on the PRMs and on the ionic liquid, COSMOtherm allows their parametrisation.
The first data set selected reports vapour pressure for butyltrimethylammonium bis{(trifluoromethyl)sulfonyl}a mide, [N1 1 1 4] [NTf2], mixed with ROH (R = Me, Et or Pr) in the temperature range 298.15-313.15 K. 35 Here, COSMOtherm allows a modulation in the hydrogen bond parametrisation.
The second, more complex, system reports vapour pressure data for ternary systems containing protonated mono-, di-or tri-ethanolamine as ionic liquid cation, with [BF4] -as anion (see Figure 1 ) and ethanol and water in the temperature range 315-360 K.
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COSMO-therm modelling of ionic liquids in binary mixtures with PRMs
The formulation of consumer goods has to be able to explore the widest range of cations and anions available and registered, and their permutations. This permits the transition from a set of ionic liquids which have been extensively studied and heavily parameterised (i.e. imidazolium ionic liquids) [37] [38] [39] but known to be toxicologically unsafe 40 to structurally new-to-the-world, and toxicologically benign, ionic liquids. These can be screened in complex mixtures, creating a better understanding of the role of the anion and cation used in tuning the VLE of these systems.
As a starting point here, the VLE of a binary mixture of [C4mim][NTf2] 37 and PRMs (see Figure 1 ) were calculated using COSMOtherm and UNIFAC. The calculated data is reported as a vapour pressure dependency upon T, which was modelled by the Antoine equation, see Equation (1) .
where A, B, C coefficients are the Antoine coefficients for a defined T range.
An alternative strategy allowed estimation of the VLE for previously unparameterised PRMs or ions pairs (here exemplified by [C4mim][L-Prolinate] with majantol or 2-phenylethanol). In this case, COSMO-therm was used to predict the activity coefficients for organic compounds in binary combinations, providing the parameters to input into UNIFAC.
Insight into the nature of the interactions between binary PRMs and ionic liquids can be gained from Raoult's law, 4 , 41 see Equation (2). As previously reported, positive or negative deviations from ideality are controlled by the specific interactions between the solutes and the solvent. [6] [7] As ionic liquids have negligible vapour pressure at room temperature, they have no partial vapour pressure (i.e. IL 0 = 0 in Equation (2)). The cations and anions were selected to provide insight into the driving forces of the interactions between anion, cation and PRMs with different functionalities. Here, the strength of the deviation from Raoult's law for a large list of perfume raw materials is calculated using Simpson's integration method 42 from the area of the deviation curve. Vapour pressure measurements The vapour pressures of the different liquid mixtures were measured using a purpose-made glass isoteniscope connected to a high vacuum pump and to a pressure gauge (see Figure 2) . The liquid sample (ca. 3 g) was loaded into the lower reservoir bulb on the end of the isoteniscope, and then the headspace was degassed (minimum pressure ≈ 2 × 10 -2 mbar) at room temperature. A portion of the sample was then allowed to flow into the U-tube, still keeping some in the reservoir bulb. After increasing the temperature to the desired value by immersing the isoteniscope in a heated oil bath, the pressure was adjusted so that the liquid columns on both sides of the U-tube were levels.
EXPERIMENTAL SECTION
heated under reflux with vigorous stirring for 48 h. Then, volatile substances were removed in a first step under reduced pressure (ca. 50 °C, 20 mbar), and finally
Figure 3
Natural logarithm of the vapour pressure of tetradecane as a function of the temperature. The data points in blue where determined as part of this work; those in red diamonds are from the literature. 46 The linear fit of the current data is given by y = -6941x + 25.02, and has R 2 = 0.98. The standard deviation is 0.1, and the slope of the regression line is -6941 + 326.
The isoteniscope method was validated in the 80-150 °C temperature range for the vapour pressures of tetradecane, which was chosen as the standard material (amongst the alkanes recommended in the literature for vapour pressure measurements). [47] [48] [49] The data derived are presented in Figure 3 and compared with literature values. 46, 50 The enthalpy of vaporisation has been calculated in the T, P range reported in Figure 3 , and the 
experimental value of ΔvapH is 57.7 kJ mol -1 , which is in reasonable agreement with the literature values, 46 57.1-65.4 kJ mol -1 (360-400 K).
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RESULTS AND DISCUSSION
The computed results of the vapour-liquid equilibria for sets of systems ranging from binary to quaternary systems, comprising of PRMs and/or molecular solvents and/or ionic liquids, are reported here. For all of these systems, a comparison is made between the two predictive models, COSMO-RS and UNIFAC, and, where available, the theoretical models were compared with the experimental data.
VLE calculations of PRMs in organic solvent mixtures
The strategy for computing the vapour phase composition of a multinary perfume mixture was to firstly analyse the VLE of a simple binary mixture of PRMs (with no solvent present), and then to introduce either a molecular solvent or an ionic liquid. Here two experimental data sets were analysed: the first (from Teixeira et al.) 33 reports the mole fraction in the vapour phase of binary, ternary and quaternary mixtures of PRMs in ethanol at 23°C, and the second (Friberg and Yin) 34 reports the vapour pressure of binary and ternary mixtures of limonene (see Figure 4 and 5), 2-phenylethanol and decane at 25 °C.
Binary, ternary and quaternary PRM systems in ethanol
These systems are already known in the literature, 35 and they have been studied using different UNIFAC models, including the Dortmund variant. Correlation between experimental 33 and our COSMOtherm calculations are plotted for the binary and ternary mixtures of PRMs in Figures 4 and 5 . The composition of the gas phases for these systems are reported as the mole fraction in the vapour phase of the individual PRMs, yi, from the following equation, Equation (4):
where xi, γi, Pi SAT are respectively the mole fraction in the liquid phase, the activity coefficient, and the vapour pressure of the pure substance of the i th component of the mixture. The activity coefficient γi is estimated via COSMOtherm.
In order to represent the composition of the vapour phase for ternary and multinary systems, the mole fractions are reported in Figure 5 as a surface, and also, in this case, a comparison with experimental data reported in the literature was reported. In all the three data sets reported here, the agreement between experimental and predicted mole fractions in the vapour phase is good.The idea of a Raoult's surface for multinary systems has been already suggested 4 to depict specific interactions in between the components of liquid mixtures in determining the composition of the vapour phase in equilibria within it. 
PRM mixtures in ethanol or decane
The VLE of pure PRM mixtures may be predicted using the COSMO-RS model with high accuracy, but in many practical applications, these organic molecules are dissolved in solvents with different polarity and a change in their activity is expected. For this reason, further data sets have been calculated, introducing ethanol (see Table  1 and Figure 1 ) or decane as a solvent. The difference between experimental and calculated values is defined by the parameter Δ, see Equation (5) For quaternary mixtures containing ethanol, the mole fraction of the latter dominates the vapour phase (see Table 2 ). As might be anticipated, there are discrepancies between the experimental and calculated data, particularly at low partial vapour pressure. This is probably due partially to the error within the experimental method used by Friberg et al., 34 and partially to the COSMO-RS parametrisation in the estimation of dispersive and hydrogen-bond interactions for the lower concentrations of PRMs in the ethanol mixtures. The VLE of a ternary mixture of PRMs in a non-polar solvent (decane) were calculated for the limonene, 2-phenylethanol and decane system. Correlation between experimental and predicted relative vapour pressures, as defined in Equation (6):
where parameters xi and γi were already defined. The results estimated with UNIFAC and COSMOtherm are illustrated in Figures 6-8 . The calculations reported reflect an overall good agreement with both models. They both correctly predict the positive deviation from ideality of the system (limonene + 2-phenylethanol), see Figure 6 , the ideal behaviour (limonene + decane), see Figure 7 , and the reciprocal insolubility of decane and 2-phenylethanol highlighted by the region for which ( / 0 ) > 1 (see Figure 8 ; any point above dotted black line). For the ternary mixture (see Figure 9 ), both models correctly predict the insolubility region at low limonene mole fraction (grey region on the surface), but not further quantitative comparison can be drawn between the experimental and predicted data, since the latter have not been explicitly reported in the literature.
VLE calculation of PRMs in ionic liquids mixtures Ionic liquids systems and hydrogen bond parameterisation
Where the ionic liquid mixtures (i.e. [N1 1 1 4] [NTf2] + MeOH) involve hydrogen-bonding interactions, the computational approach using COSMO-RS model allows the modulation of the hydrogen bonds parametrisation. This hydrogen bond contribution is added to the misfit energy operator ( , ′ ), between two different surface potential of the system's components. The hydrogen bonding energy contribution in COSMO-RS is given by:
where aeff is the effective contact area; σdonor and σacceptor are surface charge values of hydrogen bonding donor and acceptor sites, respectively, while cHB and σHB are adjustable parameters. The setting of the cHB coefficient will affect all contributions to the hydrogen bonding energy ( , ′ ). COSMOtherm recommends that the adjustable parameter cHB for the hydrogen bonding energy is set to 1.0 which is their default value. However it was found, for the system reported here, that the best agreement between experimental and calculated values was obtained by setting cHB to 0.5 (see Figures 10 and 11) .
It is also possible to change the hydrogen bonding energy contribution of specific compounds or differentiate between donors and acceptors. We have however not explored these options.
[N00(CH2CH2OH)2][BF4], [N0(CH2CH2OH)3][BF4] and ethanol-water ternary systems.
The following section looks at a system which can not be empirically realised, as the tetrafluoroborate ion hydrolyses in water to release toxic hydrogen fluoride. Nevertheless, as an exercise in computational prediction, it has some value. In particular, the influence of hydrogen bond parametrisation has been studied for more complex ionic liquid systems composed by [N00 (CH2CH2OH) 36, 51 Also, for these data sets, the impact of the cHB coefficient is compared here by setting it to values of 0.5 and 1 (see Figure 11 ). As reported by Shen and coworkers, the vapour pressure for the ternary system is calculated as: The insensitivity of the system to cHB would suggest there is very little hydrogen-bonding interaction between ethanol or water and the protonic cations. 
Modelling the designed ionic liquid anion-PRM interaction In order to classify the nature of the interaction between ionic liquids and PRMs here, Raoult's plots have been illustrated as a direct representation of the VLE data. The systems computationally and experimentally studied are imidazolium ionic liquids in binary mixtures with PRMs and a graphical representation of experimental and predicted vapour pressure is reported (see Figure 12) . The data obtained using a computational (COSMOtherm and UNIFAC models) or the experimental approach (VLE measurements) are in a good agreement for the two datasets here recorded at two temperatures. The nature and the strength of the interaction between the PRM and the bistriflamide ionic liquid illustrate, as proof of principle, that repulsion of the solute by the ionic liquid result in positive deviation from Raoult's law. 5 Having considered a fragrance release technology based on the design of the cation, 7 here a similar approach is reported for the anion with an extension in terms of theoretical modelling of the system. In particular, an L-Prolinate anion was introduced in order to see the effect of the anion structure on the vapour pressure of the PRMs. The data reported in Table 3 and Figure 13 exhibit the cosmotropic effect of the prolinate anion on the 2-phenylethanol dissolved in [C4mim][LPro], and the corresponding chaotropic effect of the bistriflamide anion with the same PRM.
These two type of interactions, as previously reported, can be used in fragrance release technology and it is fundamental to be able to model these systems in order to predict the correct response for any given PRM-ionic liquid pair. For this reason, an extended study on a wider range of temperature for the VLE data is reported in Table  4 with a comparison of UNIFAC and COSMO-RS vapour pressure prediction (as = ) with experimental data 37 across a broad range of PRM mole fractions and temperature. Table  4 ). Linear regression has the equation y = 0.995x -0.006, R 2 = 0.997. Also, in this case, both theoretical models provide a good prediction of the vapour pressure of the PRMs in the two reference ionic liquids. For ionic liquids for which UNIFAC parameters are available 37 both models can be applied and predictions compared, see the correlation plot Figure 14 and Table 4 ). As for the cases of 2-phenylethanol or majantol in [C4mim][L-Prolinate], it is also possible to use COSMO-therm prediction of the activity coefficients of simple organic compounds in a binary mixture with the ionic liquid to calculate the unknown parameters in UNIFAC. For ionic liquids not parameterised in UNIFAC, COSMO-therm can provide an ab-initio estimate of the activity coefficients and partial vapour pressure of the PRMs dissolved in new-to-theworld ionic liquids
COSMO-therm prediction of the partial vapour pressure of PRMs dissolved in new-to-the-world ionic liquids
The analysis of theoretical and experimental VLE data for binary and multinary systems clarify that COSMO-RS is able to indicate the nature and the strength of the interaction between the ion pairs and the PRMs. Imidazolium and ammonium cations have been reported and analysed using both computational and experimental approaches, but in defining the target system different functionalities can be used, either in the cation and or the anion. The interaction of the ions of the ionic liquids with the PRM can be optimised by using the principles of supramolecular chemistry and molecular recognition. 52 Cosmotropic and chaotropic effects are obtained either using hydrophobic and/or hydrophilic ion pairs. In this scenario, the predicted vapour pressures of different PRMs in some of the target ammonium and morpholinium ionic liquids are reported in Figure 15 The Raoult's plots are illustrated for a defined cation, coupled with either acesulfame or methyl sulfate. Ethyl sulfate, ethanoate and docusate are able to attract the 2-phenylethanol and hence reduce its vapour pressure. This effect has been reported elsewhere for multi-etherated alkylammonium ionic liquids. 7 Nicotinate and acesulfamate tend to follow an ideal Raoult's law trend, bis{(trifluoromethyl)sulfonyl}amide and hexafluorophosphate tend to repel the 2-phenylethanol.
As a screening tool, COSMOtherm can be used to select the best combination of PRM and ionic liquids in order to design the most suitable perfume based on the final application. The nature and strength of the interaction is given by the sign and the area of the deviation, Ad, from Raoult's law. Table 5 details this deviation parameters for the most common PRMs. Except for aromatic PRMs bearing an hydroxyl functionality (e.g. 2-phenylethanol), all the other compounds (see Table 5 ) are predicted to have a positive deviation from Raoult's law (positive area values, see Figure 15 and 16) , most of the PRMs with a pronounced positive deviation from ideality, can be solubilised at 0.15 mole fraction or above, which would correspond to the likely highest concentration in a real formulation. Morpholinium cations show lower solubilisation of the PRMs, though when used in combination with acesulfame, they are the only ones predicted to induce a positive deviation from ideality for 2-phenylethanol or majantol (see Figure 15) .
CONCLUSIONS
It has been demonstrated here that COSMO-RS provide an excellent theoretical framework to model the VLE behaviour of solutions of volatile organic compounds in ionic liquids. Moreover, it is also successful at modelling multicomponent systems with more than one organic solute and/or more than one ionic liquid. However, the real strength of the approach is the ability to model ionic liquids which have not been synthesised with a vast range of perfume raw materials, obviating the need for extensive empirical studies until optimal systems have been identified. Additionally, UNIFAC has also been applied to a set of known ionic liquids. Although it is successful for parameterised systems, its weakness is its inability to predict non-parameterised one.
